Maternal smoking has been repeatedly found to be the most important determinant of children's exposure to environmental tobacco smoke (ETS). Here, we further investigated predictors for the urinary cotinine/creatinine ratio (CCR, ng/mg) in 1220 preschool children for the year 1996. Children from smoking homes (35.1%) had significantly higher CCR than children from nonsmoking homes (mean: 55.5 vs. 14.9 ng/mg). The level of education of the parents was a strong predictor for CCRs even after adjusting for number of cigarettes smoked, maternal smoking and dwelling space. Additionally, dwelling space was inversely related to children's urinary cotinine level. The CCR-levels in children investigated in 1996 and 1998 were significantly correlated (Pearson's r ¼ 0.67). The parents of 806 children agreed for a visit to their homes. In 79 of the 536 (14.7%) of the self-reported, nonsmoking households, smoking was admitted during the visit. The mean urinary CCR of these children was 25.2 ng/mg. We conclude that in addition to parental smoking behaviour, other variables such as dwelling space and social and educational status predict the children's exposure to ETS. Our data also revealed that a considerable percentage of parents denied the ETS exposure of their children at home.
Introduction
Exposure of children to environmental tobacco smoke (ETS) has been implicated in the development of respiratory symptoms and illnesses, impaired pulmonary function or lung growth and middle ear effusion (Environmental Protection Agency, 1992; Hood et al., 1992; Thornton and Lee, 1999) . A correct and practical assessment of the exposure dose is required in order to elucidate the role of ETS exposure in the development of these diseases. The smoking habit of the parents, particularly maternal smoking, has been identified as the most important source of children's exposure to ETS (Coultas et al., 1987 (Coultas et al., , 1990 Henderson et al., 1989; Jarvis et al., 1992; Forastiere et al., 1993; Cook et al., 1994; Dell'Orco et al., 1995; Jordaan et al., 1999) . In a recent small study with children (Scherer et al., 1999) , we applied several methods of assessing their exposure to ETS, including detailed questionnaires on the duration and extent of ETS exposure, personal samplers for nicotine worn over 1 week, and cotinine measurements in saliva and urine. We found a fairly high extent of agreement between self-reported and objectively measured ETS exposure, and that the home is by far the most important source for young children's ETS exposure (Scherer et al., 1999) . The study reported here was carried out to clarify:
whether the assessment of the parental smoking behaviour is sufficient to characterise their children's exposure to ETS; whether self reported behaviour is a valid assessment of parental smoking; whether cotinine/creatinine ratio (CCR) measurements are correlated over time.
We studied these questions in a large study with 1221 preschool children aged 6-7 years on the occasion of their routine investigation before starting school. A subgroup of subjects (N ¼ 806) agreed to be visited at home, so that selfreported exposure information could be validated with onsite assessment of the ETS exposure. A second urine specimen was supplied by 258 children 22 months later, so that the correlation of CCR measurements in the same individuals over time could also be examined.
Material and methods

Subjects
In spring 1996, all 2444 school-entrance children (6-7 years) in Augsburg, Southern Germany were invited to take part in the MIRIAM study (Multicentric International Study for Risk Assessment of Indoor and Outdoor Air on Allergy and Eczema Morbidity). The investigation was combined with the school-entrance medical examination that is compulsory for all school beginners in Bavaria. The parents of a total of 1669 children (69%) gave their informed consent to participate in our study, and from 1220 of these children (73%), spot urine samples were available for cotinine and creatinine determinations. The parents of 806 children (66% of 1220) agreed to a visit from the study staff to their homes, in order to perform nitrogen dioxide and house dust mite measurements.
In an imbedded case/control study taking place in 1998, urine samples from 358 children (children with eczema and controls) were available for cotinine determination. For 258 children, urine samples exist for both time points (1996 and 1998) and were used to examine the persistency of children's ETS exposure over time.
Questionnaire
A basic questionnaire including questions concerning exposure to ETS was sent to the parents along with the invitation to the school-entrance examination. This was checked at the day of examination. A structured interview comprising approximately 70 questions was performed with the parents during the home visit. Apart from demographic data, the residential environment of the child including the exposure to ETS was assessed in greater detail through the interview.
Analytical Measurements
Cotinine in urine samples of the 1996 MIRIAM study was determined by radioimmunoassay (RIA) according to the method of Langone et al. (1973) , (modified by Haley et al., 1983) . The limit of detection was 0.5 ng/ml for cotinine in urine, correspond to about 0.5 ng/mg creatinine. Selected urine samples (N ¼ 123) with cotinine levels of 2 ng/ml, 25-50 ng/ml, and 4100 ng/ml were also analysed by gas chromatography (GC) with a nitrogen-selective detector (Feyerabend and Russell, 1990) . The correlation between both methods was fairly high (r ¼ 0.91). However, RIAdetermined cotinine levels were about three to four times higher than GC-determined cotinine concentrations in urine. This divergence is probably due to the cross-reactivity of the RIA polyclonal antibody with other nicotine metabolites, primarily 3 0 -trans-hydroxycotinine and its glucuronide as well as cotinine-N-glucuronide (Richie et al., 1991; Langone et al., 1999) .
Cotinine in urine samples of the 1998 reinvestigation was determined by a commercial enzyme immunoassay (EIA) (Cozart Bioscience Ltd., Abington, Oxfordshire, UK). The coefficient of variation from day to day was 5%, and the limit of detection was 0.8 ng/ml. In order to compare the RIA and EIA methods directly for cotinine, 120 urine samples were analysed with both assays. There was a strong correlation (r ¼ 0.98) between both these methods. The equation for the linear regression was: cotinine (RIA, ng/ml) ¼ 0.80042 Â cotinine (EIA, ng/ml) þ 1.4724. Thus, cotinine concentrations determined by the EIA were about 20% higher than those measured by the RIA.
Urinary creatinine was determined by the Jaffe´method using a commercial test kit (Merck AG, Darmstadt, Germany).
All measurements were performed in duplicate. An analysis was repeated when the deviation between two values exceeded 10%.
Statistical Analysis
All calculations and statistical tests were performed with the SAS software package (Version 6.08,. SAS Institute GmbH, Heidelberg, Germany). Linear regression was used to quantify the effect of smoking in the home and other factors from the home environment of the child based on CCRs. Since CCRs were log-normally distributed, they were log transformed prior to the regression analysis.
Results
A brief description of the study population is shown in Table 1 . Somewhat more boys (53.6%) than girls took part in this study. Since all participating children were investigated on the occasion of their school entrance investigation, the age range was rather narrow (5.8-7.2, mean: 6.5 years). Almost 30% of the children were non-German. Approximately 25 % of the parents had a university or advanced college degree, whereas almost 40% of the parents left school before the 10th grade, that is, they had an elementary school or a lower degree. Figure 1 shows the frequency distribution of the logtransformed urinary CCR (ng/mg) for the study population according to self-reported smoking in the home environment. Children living in smoking homes had much higher CCR levels than children living in nonsmoking homes. The leastsquares fitted log-normal distribution curves are also depicted. Whereas the fit for children with smoking parents seems adequate, the fit for children with nonsmoking parents is not good, there were too many high values observed in that group.
Of the 806 children whose parents agreed to a visit from the study staff to their home for on-site air measurements, 536 reportedly lived in nonsmoking homes. In the homes of 79 (14.7 %) of these children, smoking was observed during the visit. The urinary CCR of these subjects was 25.2 ng/mg compared to 9.9 ng/mg of the 447 children without ETS exposure at home, according to both report and inspection.
Seven children from the whole group had extremely high CCR levels (4250 ng/mg). However, at least in three of these subjects, the high CCR levels were due to a very low urinary creatinine excretion, since the urinary cotinine concentrations were only moderately high (o150 ng/ml).
For the 258 children who supplied urine samples both in 1996 and 1998, the log-transformed urinary CCRs were significantly correlated between the two time points (r ¼ 0.67), as shown in Figure 2 .
In Table 2 , the dependence of children's CCR on the ETS exposure situation at home is shown. In addition to the geometric means, standard deviations, medians and ranges, the explained variances from bivariate regressions are also indicated. The 427 children from smoking homes (35.1%) exhibited approximately four times higher CCR than the 791 children from nonsmoking homes (64.9%). Smoking in the home explains almost 40% of the variability in CCR. In smoking households, mothers' smoking significantly increased children's CCR, whereas smoking of the father had only a significant influence when the mother was a nonsmoker. The CCR of children with only a smoking mother is similar or higher compared with the CCR of children with both parents smoking. The urinary cotinine level of children with the mother smoking during pregnancy or with ETS exposure during the first 3 years of life was significantly higher than that of children without these past ETS exposures. There was a significant ''dose''-dependent increase of children's CCR with the number of smokers in the home, the number of cigarettes smoked per day in the home, and the number of hours per day during which persons smoked in the home. Each of these variables explains close to 40% of the variability of children's CCR in a bivariate analysis when the zero category (nonsmoking household) was included.
In Table 3 , the influence of some additional factors on children's CCR is shown. Gender of the child did not significantly influence the CCR. Children of non-German nationality exhibited significantly elevated CCR levels. The urinary cotinine levels of the children decreased with increasing degree of education of their parents. Children of parents with the lowest educational level (elementary school or lower) had approximately three times higher CCR than children of parents with the highest educational level (university degree). Education of parents explains about 18% of the variability of children's CCR.
Children who shared a bedroom with siblings had slightly (0.7% explained variance), but significantly higher CCR. There was a significant decrease in children's CCR with increasing size of flat. The variable ''size of flat'' explains about 10% of the CCR variability. Spending more time outdoors compared with indoors slightly increased the CCR (P ¼ 0.057). However, the explained variability by this variable is marginal (0.3%). Taking part in sports was associated with lower CCR. This variable explains 1.2% of the variability of CCR. Urinary cotinine levels increased with hours of television watching per day. Children watching 43 h/day had almost double the CCR compared with children watching o1 h/day.
''Number of cigarettes smoked at home'' alone explained the highest amount of variability of the CCR values (39.9%). We took this variable together with ''smoking mother'', ''ETS exposure, during the first 3 years of life'', ''nationality'', ''education'', ''bedroom sharing'', ''size of flat'', ''regularly exercising sports'' and ''time spent watching TV'' in one linear regression model to decide whether these factors had an independent additional effects on CCR values after controlling for the other included values or whether their effect can be explained by different amounts of smoking in the subgroups. As can be seen from Table 4 ''ETS exposure during the first 3 years of life'', ''nationality'', ''bedroom sharing'', ''regularly exercising sports'', and ''time spent watching TV'' are not strong independent risk factors. Their univariate influence (Table 3) can largely be explained by the other factors included.
Discussion
In our population of preschool children, we found that 35.1% of the children were exposed to ETS at home. This is markedly lower than that found in a representative survey in West Germany conducted in 1987 (Brenner and Mielck, 1993) in which the prevalence of at least one smoking household member was 67.5% for children aged 6-13 years. A lower smoking prevalence and a changed attitude towards smoking in Germany, particularly of parental smoking in the presence of young children, may have led to the reduction. In a population-based survey from Italy, the prevalence of ETS exposure for 12-15-year-old school children was 68% (Dell'Orco et al., 1995) . A population survey in England showed that passive smoking (determined by salivary cotinine) in school children (11-15 years) almost halved between 1988 and 1998 (Jarvis et al., 2000) . The authors explained this reduction partly by the fall in the percentage of mothers and fathers who smoke and by the reduction in smoking in public places. The salivary cotinine concentrations also revealed that children from smoking households do not experience less exposure to ETS through their parents over this decade (Jarvis et al., 2000) .
In the present study, we observed a fourfold increase in the average urinary cotinine level in children living in smoking households compared with that of children from nonsmoking households. Similar or somewhat lower relative increases in urinary cotinine excretion for ETS-exposed children have been reported in other studies (Henderson et al., 1989; Dell'Orco et al., 1995; Rylander et al., 1995; Bono et al., 1996; Weaver et al., 1996; Jordaan et al., 1999; Scherer et al., 1999) . Absolute urinary cotinine levels are dependent on a number of factors in addition to the extent of exposure to Exposure of children to ETS Scherer et al.
ETS.
As pointed out in the ''Materials and Methods'' section, using an immunoassay for urinary cotinine determination can lead to substantially higher levels compared with using a GC method, which is due to the cross-reactivity of the (usually polyclonal) antibodies with structurally related nicotine metabolites in urine (Richie et al., 1991; Langone et al., 1999) . We observed three to four fold higher cotinine concentrations in urine when using an RIA compared with GC. Two studies (Rylander et al., 1995; Bono et al., 1996) that applied GC for measuring cotinine in urine samples of children also showed the lowest cotinine levels in both ETSexposed and unexposed subjects compared with studies using RIA (Henderson et al., 1989; Dell'Orco et al., 1995; Weaver et al., 1996; Jordaan et al., 1999; Scherer et al., 1999) , including this study. Standardisation for urinary creatinine may introduce another source of variability, particularly when applied in samples from children. The urinary creatinine excretion markedly increases between the age of 6 and 19 years (Ciba Geigy AG, 1985) . Furthermore, children may have higher cotinine levels than adults due to a slower nicotine metabolism and a higher ventilation rate (Haufroid and Lison, 1998) . Therefore, age must be considered when comparing the urinary cotinine levels of children.
In our population, 40 children (3.3%) had high urinary cotinine concentrations of 4100 ng/ml and eight children (0.7%) had very high urinary cotinine concentrations (4200 ng/ml) determined by RIA. A reanalysis of these samples with GC resulted in substantially lower cotinine concentrations: 22 samples had levels of 420 ng/ml (mean: 50 ng/ml), no sample was 4100 ng/ml. The cut-off levels for urinary cotinine in order to differentiate nonsmokers from smokers were reported to be 50-100 ng/mg (60-120 ng/ml, determined with RIA (Haufroid and Lison, 1998) ) and 20-100 ng/ml (method not specified (Haufroid and Lison, 1998) ). Even if the GC-determined cotinine concentrations were taken as a basis, some of the observed high cotinine levels are conspicuous.
In our study, the urinary cotinine level could be assessed for 258 children at two time points, 1996 and 1998. The mean time interval between the two measurements was 22 (range: 17-25) months. Here, we have shown that, although a different method (EIA) was used in the 1998 reinvestigation compared with the first cotinine measurement (RIA), the urinary cotinine values are comparable, at least on a relative basis. There was a strong correlation of the CCR between the two time points (r ¼ 0.67), suggesting that the ETS exposure for these children was rather similiar in 1996 and 1998. This finding is in agreement with a study by Henderson et al. (1989) , although this study was much smaller (14 children) and looked at a much shorter time period (4 weeks). The rank correlation for four sequential weekly measurements of CCR was r ¼ 0.88. In yet another study (Coultas et al., 1990) , up to 10 samples (every other day over 10 days, and then 1 day every other week over 10 weeks) were collected from nine children and 11 adults. The variability tended to be higher in children than in adults, but was comparable over the two periods. The authors concluded that single measurements of biological markers for ETS exposure are not adequate due to the wide variation; this conclusion is in contrast to our conclusion.
Our data show that the home is by far the most important source of ETS exposure for children aged 6-7 years. Smoking at home explains almost 40% of the variability of the CCR and similar observations have been made in many earlier studies with preschool or school children (Jarvis et al., 1985 (Jarvis et al., , 1987 Coultas et al., 1987; Forastiere et al., 1993; Cook et al., 1994; Dell'Orco et al., 1995; Bono et al., 1996; Jordaan et al., 1999; Scherer et al., 1999) . In a study carried out in Scotland, the number of smokers in the household Exposure of children to ETS Scherer et al. accounted for as much as 51% of the observed variance in saliva cotinine (Jarvis et al., 1992) . It has unanimously been found that maternal smoking is the most important source for children's ETS exposure. Paternal smoking also increases the child's ETS exposure but to a much smaller extent than maternal smoking. In our population, the effect of paternal smoking is only observable when the mother is a nonsmoker. In other studies, a somewhat larger effect of fathers' smoking was reported (Jarvis et al., 1985; Coultas et al., 1987; Jordaan et al., 1999) . Our observation that children whose mother smoked during pregnancy and children who reportedly were ETS exposed during the first 3 years of life exhibit significantly higher urinary cotinine levels in the univariate analysis reflects the fact that mothers who smoke during these periods are more likely to be persistent and heavy smokers, as can be seen in the comparison between Tables 2 and 4, demonstrating that the effect of these variables vanished after adjusting for actual smoking behaviour.
The extent of ETS exposure in the home is another important predictor of children's CCR. In our study the number of smokers living in a household, the total number of cigarettes smoked per day in the home, and the duration of smoking at home (h/day) were significantly associated with the urinary cotinine levels of the children. Each of these variables are indicative of the ETS exposure dose and accounted for about 40% of the variance of the CCR, provided that nonsmoking homes are included in the bivariate analysis. When restricting the analysis to smoking households, only 11% (number of cigarettes smoked) and 3% (duration of smoking) of the CCR variance are explained. A significant correlation between children's salivary or urinary cotinine levels and similar ETS dose parameters were also found in other investigations (Jarvis et al., 1992; Cook et al., 1994; Dell'Orco et al., 1995; Bono et al., 1996; Jordaan et al., 1999; Scherer et al., 1999) .
In addition to the variables directly related to the ETS exposure dose, we further studied the effects of some variables that may be indirectly related to children's exposure to ETS. In our study population, the gender of the children had no influence on their CCR. This finding is in agreement with two studies (Dell'Orco et al., 1995; Bono et al., 1996) , but at variance with two other studies (Jarvis et al., 1992; Cook et al., 1994) . In these two latter investigations, girls with a smoking mother had a significantly higher cotinine concentrations in saliva than boys with a smoking mother. It was suggested that 5-7-year-old girls spend more time with their mother than boys do (Cook et al., 1994) , which may not be the case in our study.
Almost one-third of our study population were nonGerman. Non-German children had slightly higher urinary CCR levels than German children even after adjusting for the amount of smoking. Other determinants of smoking behaviour not asked for (smoking in the same room where the child is staying, opening of windows etc.) might explain this fact.
The same is true for education of the parents, which was found to be a strong predictor for children's CCR even after adjusting for the amount of smoking and dwelling space (Table 4 ). In the univariate analysis, children of parents with a university degree had approximately three times lower urinary cotinine levels than children whose parents finished or did not manage to finish elementary school. It was consistently reported that children of less-educated parents or, which is almost equivalent, of a lower social class experience a significantly higher ETS exposure than their more advantaged counterparts (Jarvis et al., 1992; Cook et al., 1994; Dell'Orco et al., 1995; Jordaan et al., 1999) . One reason why lower social class children have higher cotinine levels in their body fluids is certainly the fact that the smoking prevalence is higher in less educated and lower social class people (Brenner and Mielck, 1993) . It was suggested that after adjustment for parental smoking, two additional reasons may play a role: (1) smoking close to the child may be more common in lower social class people and (2) the probability for children of lower social class to meet smokers outside the home is higher than for children from higher social class (Dell'Orco et al., 1995) .
Urinary cotinine levels of children decreased with an increasing size of flat. The effect is stronger in the univariate than in the multivariate analyses after adjusting for the socioeconomic status of the family. Households with a higher socio-economic status can afford to buy or rent larger houses or flats and are more likely to be nonsmoker households. A negative correlation between children's urinary cotinine levels and house size was also reported in two other studies (Forastiere et al., 1993; Dell'Orco et al., 1995) . When limiting the analysis to smoking households, the negative association between size of flat and children's CCR persists, indicating a higher degree of ETS dilution in larger flats.
Home visits that were performed with consent in 66.1% of the families revealed that in a substantial percentage (14.7%) of families who reported no smoking at home, smoking did actually take place. This explains the high concentration values in the frequency distribution of the children from ''nonsmoking'' households ( Figure 1 ). This discrepancy between parents' report of their children's ETS exposure and the actual ETS exposure, as for example assessed by urinary cotinine levels, was also found in a recent intervention study (Hovell et al., 2000) . Mothers' reports of their children's exposure to their smoking declined in a group that was counselled for over 3 months to reduce their children's ETS exposure from 27.3 (baseline) to 4.47 (after 3 months) and 3.66 cigarettes/week (after 12 months). The corresponding exposure rates reported by mothers from the control group (receiving standard advice to reduce smoking in the presence of the child) were 24.56, 12.08 and 8.38 cigarettes/ week. In contrast to this, the urinary cotinine levels of the children from counselled mothers were 10.93 (baseline), 12.65 (after 3 months), and 10.47 ng/ml (after 12 months). The corresponding cotinine levels of the children from the control mothers were 9.43, 13.88 and 17.47 ng/ml (Hovell et al., 2000) . We decided not to restrict the analysis to the subgroup of children with home visits where we could clean up the data, because this would mean restricting the analysis to a biased subgroup. Children participating more often had parents with an academic education (29% compared with 17%) or were of German nationality (75% compared with 51%).
In conclusion, parental reported smoking behaviour is a fairly good predictor for children's exposure to ETS. However, apart from parental (particularly, maternal) smoking, other variables such as education of the parents, size of flat, number of cigarettes smoked, and duration of smoking at home are also predictors for children's urinary cotinine level but still, more than 40% of the variability of children's CCR remain unexplained. Part of this unexplained variability is due to parental misreport (particularly, denial of smoking at home in the presence of the children) of their children's ETS exposure. On-site assessment should be preferred to reported behaviour. We also suggest that measuring cotinine in body fluids (preferentially urine or saliva) is presently the most suitable method to assess children's exposure to ETS.
